In this short report, we describe the potential contribution of SWI in the noninvasive evaluation of DAVFs. SWI images were compared with DSA for the identification of the location of the fistulous point, the presence of CVR, and the presence of the PPP. In 5 of 6 patients, it was possible to identify the fistulous locations depicted as hyperintensity within venous structures. Cortical venous reflux was underestimated on SWI in 3 cases of robust CVR and not identified in 2 cases of less severe CVR. The PPP seen on angiograms correlated anatomically with increased number, caliber, and tortuosity of hypointense veins seen on SWI. Furthermore, SWI was superior to conventional MR imaging in the detection of these dilated veins. These preliminary results suggest an important role for SWI in the detection and assessment of the complex hemodynamics associated with DAVFs.
T
he clinical and neuroradiologic diagnosis of DAVFs is often challenging. A wide spectrum of clinical presentation has been described. 1, 2 Similarly, the imaging findings are often nonspecific and may mimic a variety of conditions. Most aggressive clinical presentations are either related to venous congestion or rupture of arterialized veins. 3, 4 Venous congestion is caused by increased venous pressure secondary to venous arterialization, sometimes combined to decrease venous outflow from associated venoclusive disorders. Venous congestion, revealed by the PPP on DSA, is generally associated with CVR, though the absence of CVR does not preclude the presence of venous congestion and neurologic complications. [3] [4] [5] Historically, the characterization of DAVF has mainly relied on the presence of CVR, which serves as the basis for the most commonly used DAVF classifications. 4, 6 The integration of venous congestion in DAVF characterization has received less attention despite being clinically relevant. 3 The advent of SWI provides a new way to assess the complex pathophysiology of DAVFs. Recent case reports and small series highlighted the prominent hypointense vessels seen in DAVFs and the association of this finding with CVR. [7] [8] [9] A recent report also highlighted the ability of SWI to identify arteriovenous shunting in brain vascular malformations, revealed by hyperintensity within venous structures. 10 This hyperintensity has been attributed to a combination of time-of-flight phenomenon intrinsic to high-velocity arterial flow as well as to the lack of paramagnetic phase shift secondary to the diamagnetic oxyhemoglobin content of arterial blood. 10, 11 If one takes into account these 2 separate observations, it appears that SWI is potentially able to depict both the venous congestion and the arteriovenous shunt surgery in DAVFs, thereby providing a unique noninvasive assessment of hemodynamic alterations associated with this pathology. Our aim was to retrospectively evaluate the use of SWI in DAVF characterization.
Case Series

Patient Selection
Our institutional review board approved this study. Between September 1997 and February 2011, 159 patients underwent MR imaging followed by DSA for the diagnosis of DAVFs. From this database, we identified 6 consecutive patients, imaged between December 2008 and November 2010, whose MR imaging studies included SWI. Medical records were reviewed for patient age, sex, clinical presentation, and time interval between MR imaging and DSA.
Imaging Acquisition
All preoperative MR images were acquired by using a 1.5T MR imaging unit (Magnetom Avanto; Siemens, Erlangen, Germany) with an 8-channel head coil. All studies included routine T1-, T2-weighted, DWI, and FLAIR images. Three patients also received 0.1 mmol/kg IV of gadobutrol (Gadovist; Bayer Schering Pharma, Berlin, Germany) followed by T1-weighted and MR venographic acquisitions. All SWI sequences were performed prior to gadolinium administration.
Details of the SWI sequence have been described elsewhere. 12 The detailed imaging parameters used were as follows: TR, 49 ms; TE, 40 ms; number of averages, 1; flip angle, 15°; section thickness, 2.6 mm; matrix size, 256 ϫ 177; pixel bandwidth, 80 Hz. A rectangular FOV (5/8) of 256 mm was used. The raw data processing was performed automatically by the Magnetom Vision software (Siemens) and yielded processed magnitude SWI, referred to as "SWI images" throughout the article. mIPs of 20.8 mm thickness were automatically processed in the axial plane by using the SWI images. In selected cases, MIP reconstructions of varying thickness were also postprocessed by using the SWI images. Diagnostic intra-arterial cerebral angiograms were obtained on a dedicated biplane neuroangiographic unit (Infinix; Toshiba Medical Systems, Tochigi, Japan). It generally consisted of bilateral injections of the ICA, external carotid artery, and vertebral artery, supplemented with selective injections of the occipital, ascending pharyngeal, or internal maxillary arteries, when indicated.
Image Analysis
SWI, other conventional MR imaging sequences, and DSA images were reviewed independently in 3 different sessions by using anonymized images. The images were reviewed by the 2 authors who were blinded to patients' clinical and conventional imaging findings or angiographic data. The reviewers were not blinded to the diagnosis of DAVF but were not aware of the fistula location or grade. The presence of a PPP on SWI was defined by an increased number, increased tortuosity, and increased caliber of leptomeningeal and/or medullary veins compared with normal-appearing regions of the brain. We further graded the severity of the PPP by using a semiquantitative scale depending on the number of dilated veins seen in a particular region: mild PPP, Ͻ5; moderate PPP, 5-10; and severe PPP, Ͼ10 veins being larger than those in normal-appearing regions of the brain. The SWI images were also evaluated for the "fistulous point," which was defined as hyperintensity within at least 1 venous structure (ie, the cortical vein or venous sinus). This criterion has been validated in a recent study of brain vascular malformation associated with arteriovenous shunt surgery. 10 We used the proximal intracranial arteries at the circle of Willis (supraclinoid ICAs, M1 segments, basilar trunk) as internal standards; the signal intensity within the veins or dural sinuses needed to be equal to or greater than these arteries. Similarly, the "presence of CVR" on SWI was defined as hyperintensity in cortical venous structures radiating from the presumed fistulous point. The presence of other intracranial abnormalities on SWI was also recorded. Disagreements were resolved by consensus. The T1-and T2-weighted, FLAIR, DWI, and T1 postgadolinium sequences (if available), herein labeled conventional imaging sequences, were reviewed for leptomeningeal and/or medullary vascular dilation and/or enhancement as described by Kwon et al. 13 The DSA images were reviewed in a subsequent session. The DAVFs were classified according to Borden et al. 6 Additional information recorded on DSA images included location of the fistulous point, presence and location of CVR, and presence and location of a PPP. To ensure that CVR and the PPP were correctly localized on DSA, we reviewed both projections (ie, AP and lateral) before correlating them with the anatomic site of SWI vascular abnormalities. The severity of the PPP was further graded on a 3-point scale (mild, moderate, severe) by using the classification proposed by Willinsky et al. 3 The presence of venoclusive disease in the major venous sinuses (ie, occlusion or narrowing) was also noted, by using the venous phase of DSA, and was confirmed on a MR venography sequence if available.
Results
The main findings are summarized in the Table. The main imaging findings in patient 2 (Fig 1) , patient 3 (Fig 2) , and patient 5 (Fig 3) are illustrated below. Clinical presentation included isolated tinnitus (n ϭ 4), focal neurologic deficit (n ϭ 1), and alteration of level of consciousness (n ϭ 1). The mean time interval between MR imaging and DSA was 27 days (range, 3-77 days). In 5 of 6 patients, SWI could demonstrate the location of the fistulous point revealed by hyperintensity within the venous structures. In 1 patient harboring a small clival DAVF without CVR (patient 6), susceptibility artifacts at the skull base impaired identification of the fistula site on SWI. In 2 instances of retrograde filling of dural sinuses, SWI demonstrated high signal intensity in the corresponding venous sinuses (patient 2, Fig 1E; patient 5, Fig 3D , -E). Among 5 patients with CVR on DSA, SWI hyperintensity in corresponding cortical veins was identified in 3 (patient 2, Fig 1F ) . The extent of CVR was significantly less than that observed on DSA. In 2 instances demonstrating mild-to-minimal CVR on DSA, this feature could not be identified on SWI (patients 3 and 4, respectively). In all 5 patients demonstrating CVR, variable severity of the PPP was detected on DSA. The severity and extent of the PPP was similar between SWI and DSA. In all instances, SWI showed significantly more dilated hypointense veins than either T2-weighted or T1 postgadolinium sequences. In fact, it is the presence of this finding in those 5 previously undiagnosed cases that initially increased the suspicion of DAVF and subsequently lead to DSA. Furthermore, in 2 cases of mild PPP on DSA (patients 3 and 4), an increased number of tortuous veins was seen only on SWI but not on other MR images. Finally, in 1 patient who presented with acute intraventricular hemorrhage, SWI demonstrated marked intraventricular hypointensity (patient 2, Fig 1D) . In the same patient, mild pial siderosis was also detected within the posterior fossa, a finding not revealed on T2-weighted imaging (not shown).
Discussion
In 5 of 6 patients, it was possible to correctly identify the location of the fistula shown as hyperintense venous structures on SWI. This preliminary result is similar to the high sensitivity of 93% obtained in a recent study including 29 brain vascular malformations (5 DAVFs) associated with arteriovenous shunting. 10 Tsui et al 11 also described hyperintensity in a venous varix related to a DAVF. The hyperintense venous sinuses or veins were well depicted in all cases by the use of SWI images. MIPs obtained from the same SWI images enhanced the visualization of venous hyperintensity (Fig 2D and Fig 3E) , though this was not necessary for the diagnosis. As expected, the use of mIP negated this finding in most cases. We postulated that CVR would manifest with cortical venous hyperintensity radiating from the fistulous point. This assumption was based on the principle that veins affected by CVR contain rapidly flowing and nonparamagnetic arterial blood. The extent of CVR revealed on SWI was, however, underestimated in 3 cases of robust CVR, whereas it could not be identified in 2 instances of scant CVR. Slow-flowing DAVFs may result in poor flow-related enhancement, which may at least partially explain the lack of venous hyperintensity in these 2 falsely negative cases. Furthermore, oxyhemoglobin contained in CVR might be rapidly diluted in deoxyhemoglobin-rich congested veins.
Given this relative underestimation of CVR on SWI, this preliminary observation suggests that the noninvasive evaluation of CVR should rely on time-resolved MRA or CTA, which have sensitivity Ͼ90% with good-to-excellent interobserver agreement. [14] [15] [16] [17] [18] [19] It is, nonetheless, possible that slow-flowing CVR or fistulas may be missed by using these techniques, given the lack of selective arterial injection and lesser temporal resolution compared with DSA. This situation has recently been encountered in a series of DAVFs evaluated by dynamic CTA 14 and highlights the persisting role of conventional angiography in DAVF characterization.
Prominent dilated leptomeningeal and medullary veins on SWI were characteristic features of all cases associated with both the PPP and cortical venous drainage. SWI provided excellent depiction of these collateral venous networks, demonstrating more congested veins compared with conventional sequences, a finding enhanced by the use of mIPs. This finding is similar to previous reports on the use of SWI for the depiction of venous congestion secondary to DAVFs. [7] [8] [9] Saini et al 7 also described reduction in the prominence of these cortical veins after treatment in 1 patient. A similar observation has been described in the setting of cortical venous outflow obstruction seen in Sturge-Weber syndrome, in which SWI was more sensitive than contrast-enhanced T1-weighted imaging in the detection of transmedullary veins. 20 In our opinion, the dilated hypointense veins identified on SWI in the setting of DAVFs likely represent enlarged and tortuous collateral veins serving to reroute venous blood away from obstructed and/or hypertensive venous drainage pathways. 3 The underlying mechanism for increased venous visibility on SWI is probably multifactorial. It has been postulated that venous hypertension secondary to DAVF leads to hypoperfusion and possibly increased oxygen extraction in ischemic tissue, which would then lead to increased deoxyhemoglobin concentration and increased susceptibility effects. 7 With positron-emission tomography studies, increased oxygen extraction fraction has been demonstrated in a subset of DAVFs associated with decreased cerebral blood flow and venous-drainage impairment when oxygen metabolism was preserved. 21, 22 In addition to increased oxygen extraction fraction, the increased volume of deoxyhemoglobin within dilated veins may also explain their conspicuity on SWI.
In rare situations, venous congestion may be seen without accompanying CVR. [3] [4] [5] In these instances, there is still the possibility of hemorrhagic or nonhemorrhagic neurologic complications. [3] [4] [5] This scenario is usually associated with arteriovenous shunting within dural sinuses producing increased venous pressure and functional outflow obstruction. In this circumstance, SWI would, in theory, be able to demonstrate engorged veins as well as the hyperintense fistulous point, while the fistula would be classified as benign on the basis of the absence of CVR. The possibility of an independent prognostic value of venous congestion identified on SWI needs further assessment in larger longitudinal studies.
SWI can demonstrate hemorrhagic complications of DAVFs, including previous hemorrhagic events such as pial siderosis or chronic intraparenchymal hematoma that may remain occult on other imaging modalities or MR sequences. Subcortical calcifications in DAVFs 23, 24 could also be identified on SWI by the use of filtered-phase images. 25, 26 Among the disadvantages of SWI is its vulnerability to susceptibility artifacts present at the skull base, as seen in 1 of our cases. Another caveat for SWI in the diagnosis of DAVF is the possibility of fistula obscuration by blood-degradation products as seen in 1 instance in the report from Noguchi et al. 8 However, in the series from Jagadeesan et al, 10 the depiction of arteriovenous shunt surgery was paradoxically higher in cases of intracerebral hematoma compared with cases without hemorrhage.
The presence of prominent hypointense pial veins on SWI can also be seen in other conditions, though the presence of marked venous tortuosity would be more suggestive of longstanding venous hypertension as encountered in DAVFs. Furthermore, the additional finding of venous hyperintensity at the fistulous point should also suggest the possibility of a DAVF. Potential mimickers include states of increased oxygen extraction in the setting of oligemia, either in acute ischemic stroke or hemodynamically significant arterial stenosis. 25, 27 Transient unilateral venous prominence has also been described in migraines. 28, 29 Venous congestion secondary to venous thrombosis can also lead to dilated collateral veins, 25, 26, 30 but contrary to arterialized veins in DAVFs, the thrombosed veins should appear hypointense from susceptibility effects. 31 This latter pattern should prompt further evaluation with MR venography because the distinction between patent and thrombosed veins could be difficult on SWI.
The main limitations of this series are the small sample number, retrospective nature, absence of a control arm, and the fact that the readers were aware of the diagnosis of DAVF.
In our institution, all dedicated DAVF studies, including posttreatment follow-up MR imaging, include an optimized timeresolved MRA, which is performed on an MR imaging unit without SWI capability, hence the small number of SWI studies available for review. For the same reason, no posttreatment SWI studies were available for review. All imaging was performed on a 1.5T unit; the depiction of venous congestion should theoretically be enhanced at a higher magnetic field, given the higher sensitivity to susceptibility artifacts. The identification of arteriovenous shunting was not altered in the series of Jagadeesan et al, 10 which included patients evaluated both on 1.5T and 3T units. Finally, we acknowledge the fact that small DAVFs associated with mild PPP on SWI might be difficult to differentiate from normal veins when the diagnosis A 37-year-old woman who presented with tinnitus, harboring a Borden type II fistula affecting the right transverse sinus with retrograde flow in the superior sagittal sinus, torcula, straight sinus, and deep venous system as well as CVR (patient 5). There was also another fistulous connection draining in the superior sagittal sinus (not shown). A and B, T2-weighted and T1-weighted postgadolinium administration images demonstrate dilated leptomeningeal and medullary vessels, more conspicuous in B. C, mIP of the SWI acquisition better demonstrates the extensive network of dilated leptomeningeal and medullary vessels. D, SWI image reveals the hypointense tortuous veins within the cerebellar hemispheres (black arrows) as well as hyperintensity within both transverse sinuses and the torcula (white arrows). E, MIP of the SWI images demonstrates hyperintensity in the torcula, straight sinus, vein of Galen, and inferior and superior sagittal sinuses (arrows). Note that the enlarged vein of Trolard (seen in F, G, and H) was not included in the volume of this MIP reformation but was visible on SWI images as a hyperintense vessel (not shown). of DAVF is not known. The ability of SWI to distinguish normal venous structures and abnormal congested veins should ideally be evaluated in a larger study including a control group of patients not harboring a DAVF. In our limited experience, the prominent veins seen secondary to venous congestion in DAVFs were generally beyond the expected normal venous anatomy seen in our daily practice and, in fact, led to further investigations in these cases.
Conclusions
Although we present a small series of patients, our preliminary experience consolidates previous reports on the role of SWI in the diagnosis of DAVF. Not only can SWI depict the acute or chronic hemorrhagic complications of DAVF, but it may also help in the identification of the fistulous point. The exquisite sensitivity to susceptibility effects of SWI appears to provide unparalleled depiction of venous congestion, while CVR seems underestimated. In the presence of increased number, caliber, and tortuosity of hypointense leptomeningeal or medullary veins, a search for hyperintense venous structures on SWI images should be prompted, followed by diagnostic confirmation either by time-resolved CTA or MRA or by the use of conventional angiography. We believe that SWI has major potential clinical applications in DAVF diagnosis, prognostication, and posttreatment monitoring. Its role in the diagnostic armamentarium of DAVFs needs to be further assessed in larger studies.
